We imaged water-wet and oil-wet sandstones under two-phase flow conditions for different flooding states by means of X-ray computed microtomography ( CT) with a spatial resolution of 2.1 m/pixel. We systematically study pore-scale trapping of the nonwetting phase as well as size and distribution of its connected clusters and disconnected globules. We found a lower or , 19.8%, for the oil-wet plug than for water-wet plug (25.2%). Approximate power-law distributions of the water and oil cluster sizes were observed in the pore space. Besides, the value of the wetting phase gradually decreased and the nonwetting phase gradually increased during the core-flood experiment. The remaining oil has been divided into five categories; we explored the pore fluid occupancies and studied size and distribution of the five types of trapped oil clusters during different drainage stage. The result shows that only the relative volume of the clustered oil is reduced, and the other four types of remaining oil all increased. Pore structure, wettability, and its connectivity have a significant effect on the trapped oil distribution. In the water sandstone, the trapped oil tends to occupy the center of the larger pores during the water imbibition process, leading to a stable specific surface area and a gradually decreasing oil capillary pressure. Meanwhile, in oil-wet sandstone, the trapped oil blobs that tend to occupy the pores corner and attach to the walls of the pores have a large specific surface area, and the change of the oil capillary pressure was not obvious. These results have revealed the well-known complexity of multiphase flow in rocks and preliminarily show the pore-level displacement physics of the process.
Introduction
Dynamic characteristics of multiphase flow in porous media are closely related to the oil and gas industry. Accurate description of the trapped phase distribution in an underground formation has always been a difficult task in oilfield developments. Furthermore, advanced understanding of pore structure geometries and fluid dynamic distribution during drainage is the foundation of enhancing oil recovery.
A significant amount of work has been completed to study two-phase flow at macroscopic scales [1, 2] . On the other hand, a large number of testing models, such as twodimensional micromodels [3, 4] and network models [5] [6] [7] , have been proposed. It is a huge challenge to accurately characterize three-dimensional, residual phase features in real rocks. However, the macroscopic oil-water seepage characteristics are the larger-scale response of fluid flow behaviors at the pore scale. There is therefore significant interest in determining the change of the morphological characteristics and size distribution of residual clusters, which is important for numerical simulations and experimental and imaging techniques.
During the past ten years, the CT scanning technique has been widely used to study pore structure and fluid distribution [8] [9] [10] . Multiphase fluid saturations were measured in situ at the pore scale to explain deviations of saturation exponent from conventional values [11] . Wettability was then regarded as a critical factor which could influence droplet quantity [12] , sweep efficiency [13] , residual saturation [14] , and size distribution of trapped clusters [15, 16] . Moreover, the remaining oil saturation in a water-wet system is about a 2 Geofluids factor of two larger than that obtained in the mixed-wet rock [17] . A lot of experiments have been conducted to study the size distribution of trapped clusters (ganglia) after drainage, since it was considered the most important property of the pore network within a rock besides saturation. CO 2 geostorage capacities and oil recovery efficiency have been investigated by many researchers. It has been widely reported that the size distribution of residual clusters obeys a powerlaw distribution with an exponent, [16, [18] [19] [20] [21] [22] [23] [24] [25] . Previous results showed that the power-law exponent, , for oil-wet cores is higher than water-wet cores, which indicates fewer large clusters in oil-wet cores (Iglauer et al., 2015 [16, 26] ). In addition, rock chemical properties have little influence on the size of residual gas clusters [23] . The characteristic cluster size and saturation distributions have been discussed in detail in different stages of drainage and imbibition processes, and the value of almost did not change during the entire process [24] . Also, the surface area of each cluster against its volume and curvature distribution were measured (Iglauer et al., 2015 [19, 27] ), which fully demonstrated the well-known complexity of multiphase transport in rocks.
In this study, we obtained wetting and nonwetting phase cluster geometries in sandstones with microcomputedtomography imaging and investigated the developments of clusters size distribution, cluster morphologies, surface areas, and capillary pressure distributions during drainage processes.
Material and Methods

Experimental Procedure.
The flow experiments were conducted on two different plugs, which were drilled from larger plugs. The plugs were well sorted and relatively homogeneous, which were from the Carboniferous marine detrital fine sandstone within the Xinjiang oilfield located in the Tarim Basin. The wettability was determined by spontaneous imbibition experiments under room temperature and pressure. To acquire more accurate data, the independent experiments were conducted on the same separate larger plugs (diameter = 25.4 mm, length = 80 mm) and the wettability indexes (WI) were calculated by Amott's method [28] . Detailed petrophysical and wettability properties of the plugs are illustrated in Table 1 . The porosity and permeability were obtained from the small plugs, which were used in the CT imaging experiments. The porosity was obtained by helium porosity automatic tester and the permeability was obtained by the flow experiment in laboratory. The plugs were placed in a carbon fiber core holder and high temperature and pressure can be applied on it during the experiment. Mineral oil and brine were used in the displacement experiment, and the oil-brine interfacial tension was 0.062 N/m. 10 wt% sodium iodide (NaI) was added in the distilled water to enhance the effective contrast between the oil and brine; this allowed for realistic reservoir salinities to be preserved. The viscosity and density of the oil are 4.58 mPa⋅s and 818 kg/m 3 , respectively, at room temperature and pressure.
The same experiment was performed on both plugs. Each experiment consisted of the following steps:
(1) The plug was placed in the plug holder under reservoir condition, temperature (55 ∘ C) and pressure (12 MPa) , and then the first scanning was performed to obtain a reference dry scan. The confining pressure of 15 MPa was applied during all experiment.
(2) The plug was vacuumed and then fully saturated with brine. The plug was flushed by about more than 120 pore volumes (PVs) of brine in order to reach a chemical equilibrium between rock minerals and brine. The injection flow rate was 0.01 mL/min at first and then gradually increased after 100-PV brine injection but was always lower than 0.05 ml/min, and then the plug was scanned secondly with X-ray CT.
(3) 1 PV of oil was flushed through the plug at an injection rate of 0.01 ml/min, which corresponds to a low capillary number with cap = V / = 1.1 × 10 −7 . In the next step, 100 PVs of oil were injected at the same flow rate to establish irreducible water condition. The third and fourth CT scanning were performed at the end of the two saturation states, respectively.
(4) 1 PV of brine displacement at the same flow rate was conducted. And then 100 PVs of brine were injected to establish residual oil state. The fifth and sixth CT scans of the sandstone were conducted, respectively.
The injection rate schedule is displayed in Figure 1 . Prior to each CT scanning, the pump was turned off. In situ CT scanning was performed through the experiment. The Xray source was aligned with the geometrical center of the plug, which was 25 mm above the bottom of the plug. We performed the CT scanning at a resolution of 2.1 m/pixel and one CT scan took approximately 30 minutes. The entire scanning field of view was approximately 3.5 mm × 3.5 mm × 2 mm; the 3D data which we obtained are located at the middle of the plug and far from the end of it, so it can be very good to avoid the end capillary pressure effects.
Image Processing.
The plug was perpendicular to the horizontal plane in the micro-CT scanner, the inlet was on the bottom of the plugs, and the outlet was on the top of the plugs (Figure 1 ). The slices were horizontal cross-sectional images of the plug. After 3D reconstruction, the images were filtered with a nonlocal means to preserve edges [29] . Figure 2 (a) was obtained from the scanning of dry plug. Actually, the segmentation process was followed by extracting the pore space and the solid from the dry reference image using the histogram-thresholding method, which can very clearly distinguish each phase; see Figure 2 (b). In Figure 2 (c), which was obtained from Exp. number 4 (Figure 1 ), the gray value of NaI solution was the greatest, the gray value of oil was the lowest, and the gray value of rock was in the middle. After registering and aligning each set of the wet images with its corresponding dry reference image, the solid can be accurately separated from the wet image (Figure 2(c) ) and then the combined image contained only fluid phases with enough phase contrasts to be distinguished, Figure 2 (e). Finally, we can obtain the segmented wet image and threedimensional rendering of the oil and water phases, as shown in Figures 2(e) and 2(f). The segmented images were then analyzed in order to obtain the saturation of each phase, clusters volumes and surface areas, clusters surface curvature, and essential rock properties including pore size distribution and its connectivity. All image processing was conducted by using ImageJ and Avizo Fire 8.0.
Results and Discussion
Representative Elementary Volume (REV).
To analyze the characteristic of residual oil in the experiment, we calculated both porosity-and saturation-based REVs for each sample using two drainage and two imbibition data sets. We generated several cubical subvolumes with various side lengths ranging from 0.105 to 2.73 mm and then calculated porosity and oil saturation for each one. It has been investigated that the field of view (FOV) in paper was larger than the representative elementary volume (REV) of plugs; see Figure 3 .
And hence the porosity and saturation values calculated over FOVs can be considered representative of the overall values in the samples. Figure 4 shows the pore size distribution for both water-wet plug and oil-wet plug. It was observed that the pore radius for water-wet plug was located almost at the vicinity of 10 m, and the distribution range was significantly smaller than oil-wet plug. Figure 5 shows the pore connectivity of both plugs. We use the connectivity function defined by Vogel and Roth to calculate the pore connectivity [30] . The connectivity function was expressed as
Pore Throat Characteristics.
where ( ) is the number of pores with radius larger than , ( ) is the throat number with radius larger than , and is the pore volume.
The pore connectivity of oil-wet plug was better since the well-connected pore size distribution range of water-wet plug was narrower (5 m-20 m) than that of oil-wet plug (25 m-70 m).
Cluster Size Distributions.
We measured the oil and water saturations on the basis of the CT images, Table 2 . The irreducible water saturation ( wi ) in the oil-wet plug (21.5%) was lower than the wi value in an analogous water-wet system (31.4%), and the residual oil saturation ( or ) in the oilwet plug (19.8%) was lower than the or value in an analogous water-wet system (25.2%). The or relative values for the two plugs are consistent with the findings from other studies [16, 31] . As we all know, capillary pressure is favorable for oil recovery in water-wet system. But, comparing these two cores, in addition to the effects of wettability, the permeability, average pore radius, and pore connectivity of the oil-wet sandstone were all much greater than those of the water-wet sandstone. Thus, the or value for the oil-wet sandstone was lower. So we can see that the oil recovery cannot only be affected by wettability; the pore structure and property also play an important role in oil transport. We also observed that the number of clusters in the oil-wet plug was larger than in the water-wet plug. What is more, we can find that almost 80% of the volume of oil in the plugs was produced after 1-PV water flooding, and the oil recovery of subsequent water flooding was very low; see Table 2 .
With the continuous injection of oil and water, not only did the saturations change, but also the clusters of two-phase fluids in the pores were redistributed constantly. It has been reported that the size of the trapped clusters follows the power-law correlation in accordance with percolation theory [32, 33] , which is given by ( ) ∼ − , where ( ) is the number frequencies of cluster size, . The exponent, = 2.189, was reported in a previous study [34] . Researchers have obtained a wide range of values using different methods, ranging between 1.8 and 2.3 [18, [22] [23] [24] 35] . Two summation methods have been proposed by Dias and Wilkinson; however, they lack sufficient theoretical basis to approve value to be larger than 2 [21] . Due to the scan resolution and random noise, the smaller clusters quantity we acquired may be inaccurate, so the value was estimated without considering the smaller clusters. Hence, we derived the value through the normalized frequencies by cutting off the smaller oil/water clusters (smaller than 10 voxels
3 ). The size distributions of water and oil clusters are shown in Figure 6 . The values of the displaced phase in different experimental stage are shown in Table 2 .
In the displacement process, the value of the wetting phase gradually decreased and that of the nonwetting phase gradually increased for both plugs, as presented in Table 2 and Figure 7 . The number of small oil clusters increased more significantly in the water-wet plug, which resulted in a relative higher frequency; thus, the value grew gradually. For the oil-wet plug, the frequency of intermediate-size oil clusters increased while that of smaller clusters was relatively low, both of which cause the reduction of value. Moreover, due to the better pore structure and oil-wet features, there are several larger clusters in oil-wet plug, as shown in red dotted circle in Figure 6(b) . Figure 8 shows the cross-sectional views of the pore-scale fluid occupancy and distribution in water-wet and oil-wet plugs at the end of three displacement stages. The figure illustrates that the oil-wet plug was saturated more fully than water-wet plug after 100-PV oil flush (Figures 8(a) and  8(d) ). In the water-wet plug, the remaining oil tends to occupy the larger pore corner after 1-PV water imbibition (Figure 8(b) ), and then some remaining oil in the pore corner gradually moves to the center of pores during subsequent water imbibition (Figure 8(c) , black square). The clusters are larger and more roundish than those in oil-wet plug. Due to the water imbibition, the oil is squeezed from the corner into the center of the pores. Some of the initial oil-free pores at the end of 1 PV will be reoccupied by oil during the subsequent water injection process; see yellow square in Figure 8 (c). Due to the better continuity of the oil phase before water injection in the water-wet plug, the oil in some of the larger pores was almost displaced fully during the primary water flooding. During the remainder of the water injection processes, the discontinuous phase oil in the small pores was gradually being removed with the help of favorable capillary pressure. When the discontinuous phase oil was carried to the large pores, they tend to change into almost spherical shape due to the interfacial tension without pore wall constraints. Then the flow resistance would increase at the pore throat transition place, whereas the water with less flow resistance would bypass the oil blob, which caused the oil blob to be trapped in the pore center. So the oil-free void pores may be reoccupied by oil in the end. There are also some much larger pores which are almost fully reoccupied by oil phase at the end of the water flooding (Figure 8 (c), green square). As mentioned above, the discontinuous phase oil in small pores with higher capillary pressure which can be easily moved and some oil blobs which are smaller than the diameter of the pore throat also can be easily carried by water in the pore net. When they met and got accumulated at the larger pore this resulted in a large oil blob being formed (discontinuous), so the drag force in those pores needs to increase to keep the oil moving. As a result, the water phase would prefer to flow through the pore with less resistance (some oil-free pores).
As shown in Figure 8 (e), the remaining oil tends to occupy the pore corner, connected through the thin oil layer in oil-wet plug, which led to more intermediate-size oil clusters and lower value. The oil phase in the oilwet plug tends to maintain a continuous phase, which contributes to be a high effective permeability of oil phase and a higher oil recovery. After drainage by plenty of water, the remaining oil mainly either occupies the corner of the pores or becomes in the form of thin oil layer attached to the pore wall (Figure 8(f) ). The change in value also shows that the trapped oil in the water-wet plug is much more difficult to produce than in the oil-wet plug just by water flooding. The values of the trapped CO 2 clusters were also found to be higher than the initial state [26] . In addition, the relatively low resolution might explain why the change of value during the displacement process was not noticeable in pervious study. With data fitting, we obtained = 1.12 in the oil-wet sandstone, which was higher than that of the water-wet sandstone ( = 1.06), which was consistent with the findings from other groups [12, 16] . 
Cluster Morphologies and Classification.
It can be seen from the above section that the distribution of oil cluster size shows a big change after water flooding (Figure 6 ), but the dynamic change rule of various oil clusters, such as the cluster volume, occurrence state, and the number of pores occupied by individual oil cluster, cannot be presented during the water flooding process. The individual remaining oil cluster exists in the pores in different forms, some exist in several connected pores, and others exist in single pore (Figure 8 ). Meanwhile the oil clusters in various forms have different volume. In order to better describe the different types of remaining oil, the method proposed by Li has been adopted to divide the remaining oil into five categories [36] , clustered, multiporous, columnar, droplet, and membranous; see Figure 9 . The five categories of oil clusters have different values of volume, surface area, occurrence pore throat ratio, and contact area, which can be quantitatively characterized according to the shape factor, Euler number, and the pore throat contact relationship. Table 3 shows the variation of the saturation for the five categories of oil clusters during water flooding. It was observed that the volume contribution of the clustered remaining oil is far more than the sum of other four categories of remaining oil at different displacement stage. Only the relative volume of the clustered oil was reduced, and the other four types of remaining oil were increased. This could be in part due to the clustered oil scattered at small volumes, which have a tendency to shift to the other four types of remaining oil during plug-flood experiment (Figure 10 ). Meanwhile the volume and surface area of largest individual oil cluster were reduced gradually, and the volume of largest individual oil cluster of oil-wet plug was clearly larger than water-wet plug (Table 3 ). Another discovery was that the largest individual oil clusters were always clustered oil and the smallest oil clusters were droplets or membranous oil. Figure 11 exhibits the cumulative contribution of trapped oil cluster volume versus cluster volume; the oil clusters were divided into five type groups. To generate this figure, the contribution of all oil clusters with volumes smaller than or equal to each individual oil cluster size to the total oil volume of each type of trapped oil was calculated for water-wet plug and oil-wet plug. After 100 PVs of oil injection, most of the oil phase is continuous, that is, the clustered oil. For primary drainage of oil-wet plug (Figure 11(b) ), we can see that some large individual oil clusters contribute a significant amount to the cumulative volume, and the three-dimensional views can be seen in Figure 10(b) , which is different from the results observed in water-wet plug. Besides, the size distribution of the clustered oil of oil-wet plug was observed to be larger than that of water-wet plug. This could be in part due to differences in the pore size distribution, pore throat aspect ratio, and pore connectivity. With the increase of water injection volume, (1) some large clustered oil scattered at small volumes, and the slope of the curve increases from the "initial" to the "100-PV" experiment (from right to left); (2) the size distribution of multiporous oil was an increasing trend, and the curve moves from left to right; (3) the columnar oil size was almost constant, and the slope of the curve remains very steep; (4) the range of cluster size distribution of the droplet and membranous oil gradually becomes concentrated and the slope of the curve increased slightly. The dynamic change of the cluster size of the droplet and membranous oil is the process in which the pore-scale fluid reaches the low energy stable state. It indicated that it was difficult to improve droplet and membranous oil recovery only by water flooding. The remaining clustered oil is able to exist in such a large volume of continuous phase, requiring good connectivity of the pores. Besides, the clustered oil generally occupied wellconnected larger pores, so that it cannot be scattered by snapping off. Figure 12 showed the radius distribution of the pores occupied by oil. Large and medium pores accounted for most of the oil volume after fully saturated oil, and the curve showed bimodal distribution (Figure 12(b) ). After 1 PV of water drive, the oil in the large pores was preferentially displaced, which dramatically decreased the large pores contribution of oil volume. Therefore, the change of clustered oil cumulative size distribution curve was the most obvious ( Figure 11 ). The remaining oil saturation reduced, but the volume proportion of remaining oil in medium-and small-sized pores increased. After 100-PV water flooding, the trapped oil in the small-sized pores mostly accounted for the oil volume, and the curve peak increased. Compared with oil-wet plug, pores radius of the water-wet plug showed a narrower distribution; the contribution curve of oil volume in target pore was unimodal. During the displacement process, the remaining oil in the pores of various radius was displaced uniformly, so the curve change trend is not obvious ( Figure 12(a) ). For this we think, in addition to the effects of pore size and connectivity distributions, the wettability of the plug also has a significant effect. The capillary pressure for the water-wet plug is favorable for oil recovery. But the remaining oil in the small pores of the oil-wet plug is relatively hard to remove, resulting in a gradual increase in the proportion of remaining oil in the small pores during the drainage ( Figures  8(d)-8(f) ).
Cluster Interfacial Areas.
The relationships between water and oil cluster volume, , and their surface areas, , in different displacement states are illustrated in Figure 13 . Consistent with existing studies, the results followed the power-law correlation given by ∼ [15, 35] . With an increasing injection volume of the displacing phase, the specific surface area of each cluster constantly changed. For the wetting phase, the exponent, , decreased slightly, as presented in Table 2 . Conversely, for the nonwetting phase, the value remained constant, which was consistent with the finding of Iglauer et al. (Iglauer et al., 2015 [16] ), as illustrated in Table 2 . The nonwetting fluid tended to occupy the pore center, and the specific surface area was relatively stable. In contrast, the wetting phase fluid tended to occupy corners of the pore space, and its specific surface area was significantly influenced by the pore structure. In the water-wet plug, the remaining oil blobs always tend to occupy the center of the Capillary pressure (MPa)
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1.E + 08 pores in the form of ellipsoids, which have the stable smaller specific surface area, so the value remained constant. In oil-wet plug, the remaining oil blobs that tend to occupy the pores corner and attach on the walls of the pores have a large surface area. The corner and wall of the pores usually have a very complex structure, which together lead to a larger specific surface area in the range of small oil cluster, and cause a downward trend of the value. It is clear that the value of was lower than that predicted by the percolation theory, which implies = 1 [37] . Both and indicated that simple percolation models are unable to accurately predict multiphase fluid transport in porous media, as discussed by other researchers [20, 21, 26 ].
Capillary Pressures Distributions.
We used Avizo to calculate the curvature for a discrete triangular surface of segmented image. The capillary pressure, , for each cluster was then calculated using the Young-Laplace equation, = 2 , where is the interfacial tension and is the mean curvature, as presented in Figure 15 . Similar to previous studies [38] , we found that the capillary pressure distribution generally shows a high peak around zero, which is similar to capillary pressure distributions in gas-liquid systems (Iglauer et al., 2015 [26, 39] ). Specifically, capillary pressures ranged from −10 MPa to +5 MPa of water-wet plugs and −1 MPa to +4 MPa of oil-wet plugs. The development of water capillary pressures distributions was not clear during the drainage. When it comes to oil capillary pressures, values converged at lower values without a high-value tail in water-wet plugs (after 100 PVs of water imbibition).
In water-wet system, capillary pressure is favorable for oil recovery; oil clusters in corner of pores with high capillary pressures can be preferentially mobilized, and there was almost no corner oil (with higher ) in Figure 8(c) . In the meanwhile, the disconnected oil blobs with lower curvatures which were generated from oil clusters collected or snapoff became trapped in center of pores space (Figure 14(a) ). So the inner diameter of "bell-tower" gradually shrinks, as seen in Figure 15(a) . On the other hand, the change of the values in oil-wet plugs was not apparent (Figure 15(b) ), and the capillary pressure distribution of oil-wet plugs was narrower than of water-wet plug. The reason is that most oil-water phase interfaces were formed in large pores and approximately along the pore wall (with lower ) during the water flooding process; the remaining oil in the pores corner (with higher ) was difficult to remove (Figure 14(a) ). With the increase of water injection (Figures 8(e) and 8(f) ), only the oil layer attached to the wall became thinner and new remaining oil was generated in the pore corner. The shape (curvature) of the oil-water phase interface showed almost no change, so the range of capillary pressure did not change obviously. Furthermore, the X-ray CT scanning resolution and scanning time may have influences on curvature measurement [38, 40] . Therefore, more accurate experiments and measurement mothed are needed to discuss the interface curve and capillary pressure.
Conclusions
We investigated the microscopic characteristics of trapped clusters for water-wet and oil-wet sandstones in different flow stages using X-ray CT scanning. We observed a significantly lower residual oil saturation in the oil-wet plug (19.8%) than in an analogue water-wet sandstone (25.2%). We found an approximate power-law distribution of the size and specific surface area of the water and oil cluster, and the changes of the exponent are different in the two plugs. The trapped oil tends to occupy the center of pores in water-wet plug while it tends to occupy the pore corner and attach to the pore wall in oil-wet plug. All of the changes and differences illustrated that the wettability has significant influence on fluid distribution in sandstone. We divided the remaining oil into five categories, clustered, multiporous, columnar, droplet, and membranous, according to the shape factor, Euler number, and the pore throat contact relationship. The clustered oil would scatter at small volumes to shift to the other four types of remaining oil during water flooding process. On the other hand, the different wettability of the two porous media affects the curvature of the water-oil interface and thus the capillary pressures of the two porous media. In the water-wet system, the oil values gradually converged at lower values without a high-value tail in water-wet plugs. But the change of the values in oil-wet plugs was not obvious in the plug-flood experiment. All the results demonstrated that wettability, pore size distribution, and pore connectivity have a strong impact on fluid saturations, cluster morphologies, and potentially cluster size distributions.
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